ABSTRACT: Pyrene-functional PMMAs were prepared via ATRP-controlled polymerization and click reaction, as efficient dispersing agents for the exfoliation of few-layered graphene sheets (GS) in easily processable low boiling point chloroform. In parallel, detailed atomistic simulations showed fine dispersion of the GS/polymer hybrids in good agreement with the experiment. Moreover, the molecular dynamics simulations revealed interesting conformations (bridges, loops, dangling ends, free chains) of GS/polymer hybrids and allowed us to monitor their time evolution both in solution and in the polymer nanocomposite where the solvent molecules were replaced with PMMA chains. Microscopic information about these structures is very important for optimizing mechanical performance. It seems that the combination of atomistic simulation with advanced chemistry constitutes a powerful tool for the design of effective graphene dispersing agents that could be used for the production of graphene-based nanocomposites with tailor-made mechanical properties.
Graphene has attracted a lot of attention recently because of its extraordinary combination of properties that render it an extremely promising material for several applications. [1] [2] [3] Among different approaches to produce graphene, liquid-phase exfoliation methods are widely considered to be a promising route for large-scale and defectfree graphene production due to their scalability and versatility for a wide range of applications including polymer composites. [4] [5] [6] [7] One of the problems that must be tackled in this context is the tendency of graphene sheets (GS) to agglomerate into multilayer graphitic structures due to the presence of van der Waals forces and π-π interactions. Hence, it is of particular importance to prevent the graphene sheets from aggregating because most of its unique properties emanate from its twodimensional character rather than that of multilayer graphite.
To overcome this problem, functionalization of graphene, through covalent or non-covalent modifications, has been found to improve its dispersion in solvents and its processability, thus, broadening its applications. 8 Among these methods, non-covalent functionalization of graphene through π-π interactions as the binding forces between graphene and stabilizers is the most effective and non-destructive method, which enables the modification of material properties without altering the chemical structure of graphene. To this direction, pyrene derivatives and pyrene-functional polymers were prepared and evaluated either as graphene exfoliation agents or for the fabrication of nanostructure composites by selfassembly. [9] [10] [11] [12] [13] The adsorption of pyrene derivatives on graphene through robust π-π stacking interactions led to highly uniform and stable dispersions of graphene without inflicting any damage to the graphitic surface. [14] [15] [16] The main advantage of using pyrene-polymers as modifiers for the functionalization of graphene is their good compatibility with different polymer hosts, which renders graphene a versatile nanofiller in composites.
Dispersing graphene in solution constitutes the first step towards nanocomposite fabrication. 17 However, efficient dispersion in various liquids does not ensure that the dispersibility is retained within the polymer matrix after solvent removal. In this work, we have embarked on new chemical strategies and synthetic routes to avoid reagglomeration of isolated graphene sheets, an approach also confirmed and supported by explicit atomistic simulations. In particular, the present communication demonstrates a method for the liquid-phase exfoliation of graphene in an easily processable low-boiling point solvent (CHCl 3 ) and discusses the structure of the resulting graphene/PMMA nanocomposites (i.e., after the removal of the solvent).For this purpose, non-covalent functionalization of the basal plane of graphene was attempted by designing welldefined pyrene end-capped PMMA (Py-PMMA-Py) as the dispersing agent. High concentrated stable graphene dispersions in chloroform were obtained by implementing various exfoliation procedures and strategies. In parallel to the synthetic work, atomisticlevel simulations were carried out in order to better understand the liquid exfoliation process, to reveal the GS/polymer hybrid conformations, and to assess whether the Py-PMMA-Py compound can prevent the agglomeration of graphene in the PMMA matrix, as occurs for nonfunctionalized PMMA. 18 The simulations showed not only the capability of the designed polymer to prevent GS agglomeration within the PMMA matrix but also, and more importantly, revealed various conformations (e.g., GS bridged by PMMA) which could have a strong effect in enhancing the mechanical properties of the nanocomposite.
For the non-covalent functionalization of graphene, a pyrene end-capped PMMA was prepared following the multistep procedure demonstrated in Scheme 1 (see experimental details in Supporting Information). In particular, a suitable py-functional initiator (1) was first synthesized and used to prepare α-functional Py-PMMA, the end of which was subsequently modified to azide function, yielding an α-ω heterotelechelic Py-PMMA-N 3 (2) . The synthesis of Py-PMMA-Py, was accomplished via the azide-alkyne click reaction. The Py-PMMA-N 3 reacted with a prior synthesized alkyne-functional pyrene derivative (3) yielding the Py-PMMA-Py (4) final product through 1,2,3 triazole. Scheme 1. Synthesis of pyrene-functional α,ω-PMMA using the ARGET-ATRP polymerization and click chemistry.
A well-defined pyrene-functional PMMA of low polydispersity was thus obtained as confirmed by GPC and 1 H-NMR (see SI). As seen in Table 1 , there is an excellent agreement between the 1 H-NMR and GPC in M n data. To estimate the pyrene end-functionalization, UV-vis measurements were also performed (Fig. S1 ) indicating quantitative pyrene ω-functionalization of Py-PMMA. It should be noted that the synthetic strategy adopted herein ensures quantitative pyrene end-capping of PMMA.
Determined by:
a 1 H NMR, b GPC
As already mentioned earlier, the capability of Py-PMMA-Py to prevent GS agglomeration in the presence of the solvent was directly confirmed by detailed, all-atom molecular dynamics (MD) simulations with a model system (called System 1 here) containing 3061 chloroform molecules, 40 Py-PMMA-Py chains (DP n 30) and 6 hydrogen-terminated GS with lateral dimensions 39 Å × 39 Å, in a simulation cell subject to periodic boundary conditions along all 3 space directions. The simulation was executed with the LAMMPS software 19 at T = 300 K and P = 1 atm and all technical details can be found in the Supporting Information (S.I.). No GS agglomeration was observed after several hundreds of nanoseconds of MD simulation (see Figure 1a) . A detailed conformational analysis of the simulation trajectory revealed that pyrene end-functional groups tend to adsorb strongly on GS, leading to the following characteristic structures (see end pyrene groups on the same face of a GS, see Figure  1d ); c) extended loops (formed by py-PMMA-py chains adsorbed on the two different faces of the same GS, see Figure 1c ); and d) bridges (formed py-PMMA-py chains simultaneously adsorbed on two different GS, see Figure  1e ). These adsorbed structures prevent GS self-assembly in the form of π-π stacks. Of course, we also observed py-PMMA-py chains with both of their ends free (i.e., nonadsorbed chains). In Figure 1a -e, carbon atoms of graphene sheets and pyrene molecules have been colored in yellow and black, respectively, while carbon atoms belonging to the backbone of completely free, dangling end, loop and bridge conformations have been colored in white, green, blue and red, respectively. The rest of atoms (hydrogens and atoms belonging to the side groups of Py-PMMA-Py) and the chloroform molecules are not shown for clarity. That GS do not exhibit any tendency to selfassemble was further confirmed by examining the evolution in time of the distance between the centers-of-mass of all GS pairs present in the simulation cell (see Figure  S5 ). In all cases, these were calculated to be significantly larger than the characteristic equilibrium distance of successive GS in a graphite flake (= 3.4 Å). Our results agree with previous MD studies by Xu and Yang, 20 and the single molecule force spectroscopy study of Zhang et al., 21 which provided strong evidence for a very favourable interaction of mono-functional pyrene-polyethylene glycol (Py-PEG) with GS. The time evolution of the % percentage of the different types of adsorbed configuration is given in Figure 1f . As observed, during the first ~10ns of the simulation the number of free chains decreases dramatically while the corresponding number of dangling ends increases. At ~20ns, the number of dangling ends reaches a peak and then starts to decrease. In contrast, the number of loops and bridges increases continuously towards their asymptotic values at very long times. The most probable conformation is that of bridges amounting to about 50% of all (adsorbed and nonadsorbed) Py-PMMA-Py structures. We also observe a good percentage of loops and dangling ends, and only a very small percentage (~5%) of free chains. Among all these conformations, bridges of high density are the most important ones since they are expected to have a pronounced effect on the elastic modulus in PMMA nanocomposite or ion gels after replacing CHCl3 with an ionic liquid. 22 In this respect, atomistic simulations seem to be an invaluable tool capable of determining the optimal GS/polymer ratio, that is, the one that maximizes the number of bridges for the final nanocomposite to exhibit superior mechanical performance. The liquid exfoliation of graphite in chloroform in the presence of Py-PMMA-Py as stabilizer was subsequently explored. The selection of chloroform as a solvent is due to its low boiling point, which ensures easy removal, hence, facilitating the fabrication of polymer composites.
To this end, a systematic study was undertaken to define the required preparation parameters, such as the exfoliation method, the centrifugation rate (ω, rpm), and the Py-PMMA-Py/feed graphite (P/GF) mass ratio. The methods associated with the process and the characterization of graphene products are described in detail in the Supporting Information. Keeping in consideration that high-shear As seen in Figure 2a , much higher graphene concentrations (C G ) were achieved with this method in comparison to other preparation routes. To evaluate the importance of the telechelic Py-PMMA-Py topology to improve graphene exfoliation in CHCl 3 , a comparative study was carried out by using as dispersing agent a non-functionalized PMMA, the py-PMMA precursor and the Py-PMMA-Py with similar molecular weights (Figure 2b ).
The C G corresponding to Py-PMMA-Py was remarkably higher (more than 166%) than the other cases for all centrifugation rates (ω, rpm) examined. Additionally, the dispersion in the presence of Py-PMMA-Py exhibited high stability since no agglomeration was observed after several weeks, as shown in Figure 2c . It is important to stress that under specific experimental conditions, and particularly, in the absence of stabilizers, CHCl 3 appeared to be an ineffective solvent for graphite exfoliation, leading to very low graphene concentrations due to its unfavorable surface tension. 24 Therefore, the designed telechelic Py-PMMA-Py topology proved quite efficient in producing stable graphene dispersions in chloroform. We should also note that, the G/Py-PMMA-Py hybrids emit bright blue color under UV light (365 nm; Figure 2g ), exhibiting strong fluorescence properties due to the free Py-function of the dangling ends (SI).
To investigate the critical concentration of Py-PMMAPy needed to achieve the optimum concentration of graphene, graphene dispersions were prepared with different initial Py-PMMA-Py concentrations (Figure 2d ). It was observed that the concentration of graphene initially increases with the addition of polymer and then decreases. The optimal mass ratio of P/GF was determined to be 0.025 which is favorably low. Very recently, Yan and coworkers 25 reported the use of a telechelic pyrenecapped polystyrene (PyPS) for exfoliation of graphite. Under quite similar experimental conditions (exfoliation time of 1h in the presence of polymer, centrifugation rate at 1000 rpm), the C G was determined to find 0.067 mg/mL by taking PyPS/feed graphite mass ratio to be 0.2. Compared to our work, the C G was twice lower, and PyPS/feed graphite mass ratio was found to be much higher. In our attempt to scale-up production of graphene, we increased the feed graphite concentration (40 mg/mL) by keeping constant the optimum P/GF mass ratio at 0.025 ( Figure  2e,f) . The C G increased drastically in the range of 0.25-1.2 mg/mL, as the centrifugation rate decreases. It should be mentioned that, for the production of quite homogeneous graphene-polymer composites, the solvent processing method is compared favorably to other methods. 7, 26 Nevertheless, the difficulty in removing the residual solvent 27 has a detrimental effect on the properties of the composite materials. Therefore, the fact that we obtained high graphene concentrations using a solvent of high volatility has a significant potential toward automated production of graphene-based composites.
In order to evaluate the exfoliation efficiency of graphene dispersions, transmission electron microscopy (TEM) and Raman spectroscopy were employed. Figure 3a displays representative TEM images that reveal a large quantity of few layer-graphene sheets. The majority of the flakes have lateral sizes of the order of 1 μm. Some larger flakes having lateral dimensions above 1 μm were also observed. The folding structures of graphene sheets indicate the nature of graphene to be thermodynamically stable. 28 Furthermore, Raman spectroscopy supports the TEM analysis (Figure 3b) . The typical G and 2D peaks are clearly visible as well as the D and D' peaks. The G peak corresponds to the well-known E 2g phonon and the 2D (or G') peak is the second order of the D peak. D and D' peaks correspond to defect activated phonons. It must be mentioned that the intense, in some spectra, D line is attributed mainly to edge effects since the size of the flakes is comparable with the laser spot size (~1μm). Raman Spectroscopy has also been used to estimate graphene thickness through the measurement of number of layers (up to five). Hence based on the characteristics of the 2D peak (position, shape, width, etc.) and the intensity ratio I 2D /I G we confirmed the presence of single layer graphene flakes at 1-2% percentage. The rest of graphene sheets were either few-layer graphenes (2-5 layers, ~50%) or multi-layer ones (6-10 layers, 25%) and, finally, nanographites (~23%). Not achieving high monolayer content is not necessarily a disadvantage since few layer GS can also be effective from the mechanical property point of view since, as argued elsewhere, 31 you can build a higher proportion of graphene into the composite and thus achieve higher values of composite modulus and strength.
To answer the question whether or not the fine dispersion of GS/polymer hybrids achieved in solution is preserved in the PMMA nanocomposites, the previous MD simulations were extended by replacing the solvent molecules with PMMA chains. Thus, two additional MD simulations were performed: In the one, the simulation cell (called System 2) contained 100 non-functionalized PMMA chains each 30-monomers long and 6 hydrogenterminated GS (39 Å × 39 Å). In the other, the system (called System 3) was similar to System 2, but 40 (out of the 100) PMMA chains were replaced by Py-PMMA-Py chains (DP n 30). Both simulations were executed at a relatively high temperature (melt state, T=550K and P=1atm) in order to accelerate dynamics. GS agglomeration was observed in System 2 (see Figure S6 ), but not in System 3. Indeed, even after considerable simulation time (approximately 130 ns), all GS remained well separated and dispersed in the matrix. This is demonstrated in Figure 4a,b showing the time evolution of the distance between the centers-of-mass of all GS pairs present in the simulation cell. For System 3 (where a fraction of PMMA chains was substituted by Py-PMMA-Py chains), it is obvious that throughout the simulation, GS remain far apart with no tendency to approach each other and form π-π stacks. In contrast, in System 2 (no Py-PMMA-Py chains present), the distance of the centers-of-mass of GS pairs 1-2 and 2-3 is seen to reach very quickly (after approximately 3 ns) the value of 3.4 Å (i.e., the equilibrium distance of successive GS layers in a graphite flake), indicating graphene self-assembly in the matrix. The various characteristic Py-PMMA-Py chain conformations (dangling ends, loops, bridges and free chains) appeared again in System 3 (see Figure S7 ), despite the presence of a rather large percentage of nonfunctionalized PMMA chains which hinders pyrene molecules from exploring their surroundings and adsorbing on the available GS surfaces. Figure 4c demonstrates the time evolution of these conformations that resemble quite well those obtained in solution (System 1). It seems that, a rather large number of adsorbed structures forms again in System 3. Figure 4d depicts the average population at steady state of each of the four different types of Py-PMMA-Py conformations for System 3 that, however, differ from those shown in Figure 1g for System 1 due to the very slow chain dynamics in System 3 (a rather dense system, since no solvent is present). The most probable chain conformation (amounting to ~50%) is that of dangling ends. It seems that the rest of the pyrene-end groups wander around for a rather considerable amount of time before coming across a GS surface to adsorb to. We also see that approximately 25% of Py-PMMA-Py chains form bridges, ~10% form loops, and the rest (~15%) are Py-PMMA-Py free chains. Finally, encouraged by the simulation results, we attempted to produce G/Py-PMMA-Py dispersions in the ionic liquid 1-Ethyl-3-methylimidazolium bis(trifluoro methylsulfonyl) imide, [Emim] [Tfsi] through several methods (see SI, Figure S9) . For instance, G/Py-PMMA-Py hybrids, stably dispersed in CHCl3, were successfully transferred to [Emim] [Tfsi] by evaporating the solvent and replaced by the IL, followed by bath sonication (several hours) and then tip sonication at 40% for 60 min. The graphene concentration was determined at 0.3 mg/ml after centrifugation at 2000 rpm for 30 min. This preliminary result opens the possibility to fabricate ion gels by using the G/Py-PMMA-Py hybrids as the network forming material.
In conclusion, we have demonstrated a new methodology for the effective non-destructive liquid exfoliation of graphene toward nanocomposite fabrication. The designed pyrene-capped PMMA used as the dispersing agent led to stable graphene dispersions with relatively high concentrations of few-layered graphene sheets in chloroform. The suggested telechelic topology proved considerably a more efficient dispersing agent than the mono-functional Py-PMMA and the non-functionalized PMMA. More importantly, the atomistic simulations showed excellent agreement with the experimental results and revealed the type (and their time evolution) of the various GS/polymer conformations. Interestingly, the simulation predicts no agglomeration of GS noncovalently functionalized by Py-PMMA-Py in the PMMA matrix (composite). The identified conformations between the GS and the polymer (revealed either in solution or in the composite melt) are expected to have a profound effect upon the mechanical performance of solid or soft (e.g., ion gels) nanocomposites. It seems that the combination of the experiment with detailed atomistic simulations constitutes a powerful tool for designing graphene/functional polymer hybrids for optimizing mechanical reinforcement and opens the possibility for the production of graphene-based nanocomposites with tailor-made mechanical properties. Further work is in progress both in simulation (to predict optimum mass ratio of GS/Py-PMMA-Py/PMMA) and fabrication of graphene/PMMA reinforced composites as well as graphene/PMMA/ionic liquid gels (useful for electrochemical devices). Moreover, we plan to address issues related with the impact that the dispersing agents have on the elastic modulus of the nanocomposites, the degree of flexibility of graphene sheets and of the dispersing agents on these properties, and how this affects the type and strength of network conformations identified here. Additional issues to consider refer to the effect of the size of graphene sheets on their interaction(s) with the dispersing agents and the relative binding affinity of the dispersing agent onto graphene in the loop, extended loop, bridge, and dangling conformations using lower-level (quantum mechanical) simulations.
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